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ChildObjectives: The aim of this study was to evaluate the massive efforts to lower water arsenic concentrations in
Bangladesh.
Methods: In our large mother–child cohort in rural Matlab, we measured the arsenic concentrations (and other
elements) in drinking water and evaluated the actual exposure (urinary arsenic), from early gestation to
10 years of age (n = 1017).
Results:Median drinking water arsenic decreased from 23 (2002–2003) to b2 μg/L (2013), and the fraction of
wells exceeding the national standard (50 μg/L) decreased from 58 to 27%. Still, some children had higher
water arsenic at 10 years than earlier. Installation of deeper wells (N50 m) explained much of the lower water
arsenic concentrations, but increased the manganese concentrations. The highest manganese concentrations
(~900 μg/L) appeared in 50–100 m wells. Low arsenic and manganese concentrations (17% of the children) oc-
curred mainly in N100 m wells. The decrease in urinary arsenic concentrations over time was less apparent,
from 82 to 58 μg/L, indicating remaining sources of exposure, probably through food (mean 133 μg/kg in rice).
Conclusion: Despite decreased water arsenic concentrations in rural Bangladesh, the children still have elevated
exposure, largely from food. Considering the known risks of severe health effects in children, additional mitiga-
tion strategies are needed.
© 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Access to safe drinking water is immensely important for human
health and development (Bain et al. 2014; WHO 2011). With the in-
creasing use of ground water for drinking purpose and agricultural
needs, naturally occurring toxicants such as arsenic and ﬂuoride have
become growing public health concerns (Hunter et al., 2010). Arsenic
in rice is a more recently discovered threat to human health (Sohn,
2014). The concern arises from the fact that inorganic arsenic, the
main form in both drinking water and rice, is a potent human carcino-
gen and multi-organ toxicant even at fairly low exposure levels (IARC,
2012; NRC, 2001). Indeed, the challenges are substantial globally.
A relevant example is the situation in Bangladesh, where a major part
of themillions of tubewells installed since the 1970swere subsequently
reported to contain elevated arsenic concentrations (BGS, 2001;
Edmunds et al., 2015). Extensive remediation efforts have beenlena.skroder@ki.se (H. Skröder),
. Tofail), marie.vahter@ki.se
. This is an open access article underundertaken with varying results (Edmunds et al., 2015; Hossain et al.,
2014; Ravenscroft et al., 2013). A nation-wide screening of water arse-
nic in 2009 showed considerable improvement, with only 13.4% of the
investigated 14,442 water sources exceeding the Bangladeshi drinking
water standard of 50 μg/L of arsenic, however, the concentrations varied
substantially across different areas (UNICEF, 2011).
We have repeatedly assessed the exposure to arsenic in children in
rural Matlab, about 50 km south-east of Dhaka, where we established
a large mother–child cohort more than a decade ago (Vahter et al.,
2006). The initial screening (2002–2003) of arsenic in the 13,000
tube-wells in the area, which provide drinking water for most of the
200,000 inhabitants, showed a range from 1 to 3644 μg/L, with
more than 60% exceeding the national standard of 50 μg/L and 70%
the WHO guideline value (WHO, 2011) of 10 μg/L (Rahman et al.,
2006). The wells containingmore than 50 μg/L of arsenic were immedi-
ately painted red, and people were encouraged to take drinking-water
from nearby green-painted wells with lower arsenic concentrations.
Additional mitigation options included pond sand ﬁlters, home-based
“3-pitcher” ﬁlters, rainwater harvesting, and deeper wells (Biswas et al.,
2012; Hossain et al., 2014; Ravenscroft et al., 2013; von Bromssen et al.,
2007).
The exposure assessment has been based on measurements of arse-
nic concentrations in the drinking water used by the pregnant womenthe CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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biomarker of the actual exposure (Gardner et al., 2011; Ljung et al.,
2009; Vahter et al., 2006). Still at 5 years of age, the children had
only slightly lower urinary arsenic concentrations than their mothers,
indicating a low success rate of the arsenic mitigation activities
(Gardner et al., 2011). Therefore, the same children have been
followed-up again at 10 years of age, at which time arsenic in both
drinking-water and urinewasmeasured. Because a strong inverse asso-
ciation was found between the water concentrations of arsenic and
manganese (Ljung et al., 2009), an essential element shown to cause
neurodevelopmental toxicity at excess exposure (Rodriguez-Barranco
et al., 2013), manganese was included in our follow-up analyses. The
US life-time health advisory drinking water concentration for manga-
nese is 300 μg/L (EPA, 2012).2. Methods
2.1. Study design
The study took advantage of a large mother–child cohort, used for
evaluation of potential effects of arsenic and other food and water con-
taminants on pregnancy outcomes and child health and development
(Vahter et al., 2006). It was nested in a randomized food and micronu-
trient supplementation trial (MINIMat; ISRCTN 16581394), recruiting
4436 women in early pregnancy in 2001–2003 in Matlab (Persson
et al., 2012). In this pristine rural area, essentially without pollution
from industries and trafﬁc, the International Centre for Diarrhoeal Dis-
ease Research, Bangladesh (icddr,b) has a Health and Demographic Sur-
veillance System (HDSS) with a central hospital and four smaller
regional health care centers, one in each of the administrative areas
called blocks A–D. Information on socioeconomic status (SES) for all
households was extracted from the HDSS at the time of enrollment in
the study. The SES scores were based on household ownership of differ-
ent consumer items, dwelling characteristics, type of drinking water
source, and toilet facilities used, and standardized as described in detail
elsewhere (Gwatkin et al., 2000). The SES scoreswere divided into quin-
tiles where the lowest quintile represents the poorest and the highest
quintile the wealthiest. The SES scoringwas updated when the children
were 10 years of age, showing strong correlationwith the previous scor-
ing [Spearman correlation coefﬁcient (rs) = 0.62, p b 0.001], although
those at 10 years were generally higher.
The evaluation of arsenic exposure and related health effects includ-
ed pregnant women enrolled in the MINIMat trial during January 2002
to May 2003, and who had donated a urine sample in early pregnancy
(about 8 weeks of gestation; GW 8) (Vahter et al., 2006). The drinking
water, essentially from tube-wells, used during pregnancy was identi-
ﬁed (Rahman et al., 2015) based on the information on lifetime drinking
water sources obtained in the parallel screening of well water arsenic
carried out in 2002–2003 (Rahman et al., 2006). The main reason for
missing maternal water data was that pregnancy occurred after com-
pletion of the household water survey, why those women had no infor-
mation of the drinkingwater. The children born to the includedwomen
were invited to participate in an assessment of exposure and child de-
velopment at 5 years (2007–2009) (Gardner et al., 2011; Hamadani
et al., 2011) and at 10 years (2012–2013). Of the 1265 children with
water and urine data at 10 years, 1017 had the corresponding data at
both 5 years and during pregnancy and thosewere included in the pres-
ent evaluation. Samples of drinking water used by the children were
collected at the time of the home visit for collection of data on family
characteristics.
The study was approved by the Regional Ethical Committee at the
Karolinska Institutet, Sweden, and the Ethical Review Committee at
icddr,b, Bangladesh. Informed consent was obtained from the mothers
or legal guardians, and all participants were free to refrain from any
part of the study.2.2. Sample collection and analysis
Water samples were collected in 20-mL polyethylene vials after
ﬂushing the water with approximately 30 strokes of the pump. The
vials contained 30 μL concentrated nitric acid (65% HNO3, Suprapur,
Merck, Germany) to prevent metal precipitation. Initially, the samples
were stored at −20 °C at icddr,b and thereafter transported to
Karolinska Institutet, Sweden, for analysis of arsenic and other ele-
ments. Water concentrations of arsenic, manganese, iron, calcium and
magnesium were measured using inductively coupled plasma mass
spectrometry (ICPMS; Agilent 7500ce or 7700x; Agilent Technologies,
Tokyo, Japan) equipped with an octopole reaction system (Rahman
et al., 2013). Before analyses, the samples were diluted 1:10 with 1%
HNO3 (65% Suprapur, Merck, Darmstadt, Germany). The limit of detec-
tion (LOD) and results of quality control (NIST 1643e, Trace Elements in
Water, National Institute of Standards and Technology, Gaithersburg,
MD; USA) for each element are provided in Supplemental Table S1.
Thirty water samples (n = 29 at 5 years and n = 1 at 10 years of age)
had an arsenic concentration below LOD of 0.01 μg/L, and they were
set to LOD/√2.
The actual intake of inorganic arsenic was assessed by measure-
ments of urinary concentrations of inorganic arsenic and its methylated
metabolites [methylarsonic acid (MMA), and dimethylarsinic acid
(DMA)]. The sum metabolite concentration in urine, hereafter referred
to as urinary arsenic, reﬂects the exposure from both water and food
(Vahter, 2002; Vahter et al., 2006). Spot urine samples were collected
in the homes or in the health care centers, using disposable, arsenic-
free plastic cups, and then transferred to 24-mL polyethylene tubes.
Samples were kept at 4 °C until being frozen at−80 °C at the Matlab
hospital at the end of each day, awaiting transport by air in cooling
boxes to Karolinska Institutet, Sweden, for arsenic analyses. Urinary ar-
senic was initially (maternal urine) determined by hydride generation
atomic absorption spectrophotometry (Vahter et al., 2006), and later
on by high-performance liquid chromatography (Agilent 1100 series
system, Agilent Technologies, Waldbronn, Germany; Hamilton PRP-
X100 column, Reno, NV, USA) on-line with hydride generation and
ICPMS (HPLC-HG-ICPMS; Agilent 7500ce, Agilent Technologies, Tokyo,
Japan) for the urine samples of the children at 5 years of age (Gardner
et al., 2013; Hamadani et al., 2011) and in a sub-set of the children in
the present study population at 10 years (n= 541). The correlation be-
tween HG-AAS and HPLC-HG-ICPMS measurements was strong
(Lindberg et al., 2007), and for the above-mentioned sub-set of children,
an equally good agreement was observed between the sum of arsenic
metabolites measured by HPLC-HG-ICPMS and total urinary arsenic
measured by ICPMS (rs = 0.98; p b 0.001). Thus, the measurements of
child urine at 10 years of age were conducted with ICPMS (Agilent
7700x; Agilent Technologies, Tokyo, Japan). LODs and quality control
for the ICPMS analyses are shown in Supplemental Table S1, whereas
the corresponding information for themeasurements of urinary arsenic
of themothers during pregnancy and the children at 5 years is described
in detail elsewhere (Gardner et al., 2013; Hamadani et al., 2011; Vahter
et al., 2006).
To compensate for variation in dilution of the spot urine samples, all
measured concentrations were adjusted to the average speciﬁc gravity
of 1.012. Speciﬁc gravity was measured by a digital refractometer
(EUROMEX RD712 Clinical Refractometer, EUROMEX Holland, Anhem,
The Netherlands) (Nermell et al., 2008). It ranged 1.001–1.032 in the
mothers' urine and 1.001–1.031 in the children's urine. Speciﬁc gravity
has been shown to be less affected by age, body size, SES, and arsenic ex-
posure than the more commonly used creatinine adjustment (Nermell
et al., 2008).
2.3. Statistical analyses
Statistical analyses were conducted using STATA 12 (STATAcorp LP,
College Station, TX, USA). To assess differences in water element
Fig. 1. Comparison of arsenic concentrations in water collected at the follow-up of the
children at 10 years of age (2012–2013) with those in the water used by their mothers
during pregnancy. The Lowess line provides the moving ﬁtted-average.
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test and Kruskal–Wallis signed-rank test were used. Differences in dis-
tributions between sampling time points were evaluated by scatter
plots. To explore correlations between arsenic in water and urine, as
well aswith other elements,we used Spearman's correlation coefﬁcient,
and plotted the data with Lowess smoothing functions (moving ﬁtted-
average line). Well depth, SES and education (in separate models due
to collinearity) and area of living were included in a linear regression
model, to assesswhich factors weremost inﬂuential for arsenic concen-
trations in water and urine.
3. Results
The main characteristics of the participating mothers and children,
including water concentrations of arsenic, manganese, iron, calcium
and magnesium are shown in Table 1. The arsenic concentrations in
drinking water decreased from a median of 23 μg/L (total range 0.02–
882 μg/L) in pregnancy (2002–2003) to 3.4 μg/L (range b 0.010–
624 μg/L) when the children were 5 years and 1.8 μg/L (range b 0.01–
672 μg/L) when they were 10 years of age (Table 1). However, at 10
years, still 27%of all the children usedwaterwith arsenic concentrations
N50 μg/L, and 40% used water with N10 μg/L. Comparison of the arsenic
concentrations at 10 years with those during pregnancy (Fig. 1) showed
that 22% of the children with prenatal water N300 μg/L (8% of all
mothers) had still such high water concentrations at 10 years of age.
The corresponding number for prenatal water concentrations N50 μg/L
(42% of mothers) was 49% and that for N10 μg/L (57% of mothers) was
59%. On the other hand, 10% of the children with prenatal water
b50 μg/L had higher water concentrations (mean 192 μg/L) at
10 years of age. The wells used by the children with this increase in
water arsenic concentrations were almost all (97%) shallow or medium
deep.
Also the concentrations of iron were lower in the children's water
compared to their mothers' (Table 1), but the maximum concentration
remained at about 10mg/L. The concentrations of iron and arsenic were
positively correlated (rs= 0.64 formaternal water and 0.59 at 10 years;
bothwith p b 0.001; Supplemental Figure S1). Thewater concentrations
of calciumandmagnesium remained fairly constant over time andwere
not correlated to arsenic.
On the other hand, the water concentrations of manganese in-
creased from a median of 213 μg/L (range 1.3–6550 μg/L) during
pregnancy to 348 μg/L (range 0.10–6245 μg/L) at 10 years of age.
Forty-four percent of the mothers had used water with manganese
concentrations above 300 μg/L during pregnancy (EPA life-time health
advisory level), while 52% of the children had concentrations above
300 μg/L at 10 years of age. Only 17% of the children used water
with low concentrations of both arsenic and manganese (b10 andTable 1
Characteristics and drinking water concentrations of arsenic, manganese and other elements in
Pregnancy 5 years
Mean ± SD Median
(5–95th percentile)
Mean ±
Characteristic
Age (years) 26 ± 6.0 26 (18–37) 5.4 ± 0
Weight (kg) 45 ± 6.8 44 (36–57) 15 ± 1.
Length (cm) 150 ± 5.2 150 (142–159) 103 ± 4
Parity/no. siblings 1.5 ± 1.4 1 (0–4) –
Element in water
Year of collection 2002–2003 2007–2
Arsenic, μg/L 93 ± 133 23 (0.10–391) 55 ± 10
Manganese, μg/L 668 ± 950 213 (22–2,612) 673 ± 9
Iron, mg/L 3.0 ± 3.1 2.3 (0.10–9.2) 2.3 ± 2
Calcium, mg/L 42 ± 26 38 (7.8–89) 32 ± 22
Magnesium, mg/L 20 ± 12 18 (3.9–41) 16 ± 12
Urinary arsenic (μg/L) 148 ± 164 82 (18–473) 102 ± 1b300 μg/L, respectively) and 9% had high concentrations of both. The
overall correlation betweenwater concentrations of arsenic andmanga-
nesewas−0.51 (p b 0.001) during pregnancy and−0.47 (p b 0.001) at
10 years of age (Supplemental Figure S1); however the association was
markedly non-linear and characterized by high manganese concentra-
tions at very low arsenic concentration and vice versa.
The changes in the water concentrations of arsenic (decrease) and
manganese (increase) over time paralleled the installations of deeper
wells (Fig. 2). Of all the shallowwells (at 10 years), 26% hadwater arse-
nic concentrations below 10 μg/L, while 69% of those 50–100m and 87%
of those deeper than 100 m had such low concentrations. On the other
hand, 64% of the shallow wells had water manganese concentrations
below 300 μg/L, while 30% of those 50–100 m and 72% of those deeper
than 100 m had below 300 μg/L. In contrast, the lowest iron concentra-
tions appeared in thewells of intermediate depth (Fig. 2). However, the
highest iron concentrations were close to 10 mg/L in all types of wells.
There was a marked geographical variation in the water concentra-
tions of arsenic, manganese and iron. The lowest arsenic concentrations
were found in block D [median 24 (5th–95th percentiles 0.09–361) and
0.7 (0.07–72) μg/L in shallow and medium deep wells, respectively],
which is located within the ﬂood-regulating embankment along the
Dhonagoda River. However, the water concentrations of manganese
[447 (42–2,049) and 806 (82–2,420) μg/L, respectively] and iron [2.3
(0.04–9.8) and 1.2 (0.10–7.9) mg/L, respectively] were quite high. The
lowest shallow well manganese concentrations were found in block C
[48 (14–1,191) μg/L] and the lowest iron concentrations in the mostMINIMat mothers and their children at 5 and 10 years of age (n = 1017).
10 years
SD Median
(5–95th percentile)
Mean ± SD Median
(5–95th percentile)
.13 5.3 (5.3–5.6) 9.5 ± 0.095 9.5 (9.4–9.7)
7 15 (12–18) 23 ± 3.9 23 (18–30)
.5 103 (96–111) 127 ± 5.9 127 (118–136)
– 2.1 ± 0.1 2 (1–5)
009 2012–2013
0 3.4(0.10–283) 60 ± 113 1.8 (0.09–321)
33 250 (7.9–.2,633) 888 ± 1140 348 (3.4–3,230)
.8 1.3 (0.11–7.3) 2.4 ± 2.7 1.4 (0.08–8.0)
29 (5.8–75) 44 ± 24 40 (12–86)
14 (3.2–38) 24 ± 14 22 (6.1–46)
22 53 (17–356) 105 ± 118 58 (20–352)
Fig. 2.Median and standard error for concentrations of arsenic (μg/L; black; left y-axis),
manganese (μg/L; dark gray; right y-axis) and iron (μg/L; light gray; left y-axis) by well
depth at 10 years of age.
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in shallow and medium deep wells, respectively]. There were
very weak correlations between SES on the one hand and water arsenic
(rs =−0.086, p= 0.0061), water manganese (rs = 0.098, p= 0.0017)
and well depth in meters (rs = 0.093, p = 0.016) on the other, all at
10 years of age. Similarly, in the regression analyses with the different
determining factors for water arsenic content, well depth and geo-
graphical area were more inﬂuential than family education (Table 2)
or SES (in model without education; data not shown), and out of
those two, well depth was by far the most important factor.
In line with the decreasing drinking water arsenic concentrations
over time, also the concentrations in the urine decreased, although to
a lesser extent (Table 1). Although the overall association between
arsenic concentrations in drinking water and urine was signiﬁcant
(rs = 0.56–0.64; p b 0.001), it was much weaker (rs = 0.12–0.18) at
water arsenic concentrations below 10 μg/L (Fig. 3). The intercept inTable 2
Linear regression analyses of factors inﬂuencing water (μg/L; R2 = 0.41 and 0.29 for mothers an
children) in mothers and their children at 10 years of age.
Mothers (n = 676)
B (95% CI) p
Water As (μg/L)
Well depth a
50–100 m −179 (−197,−160) b
≥100 m −173 (−211,−135) b
Education (years) −2.6 (−4.6,−0.53)
Blockb
B −0.56 (−24, 23)
C −44 (−68,−20) b
D −19 (−43, 5.3)
Urinary As (μg/L)
Water As (μg/L) 0.53 (0.44, 0.63) b
Well depth a
50–100 m −69 (−96,−42) b
≥100 m −45 (−94, 3.7)
Education (years) −0.53 (−3.0, 1.9)
Block b
B 11 (−17, 39)
C 1.9 (−27, 31)
D −13 (−42, 16)
a Shallow wells (b50 m) used as reference.
b Block A used as reference.the linear regression analysis of urinary vs. water arsenic at 5 and
10 years of age was 62 and 61 μg/L, respectively, and that for the
mothers was 82 μg/L. The correlation between SES and urinary arsenic
wasweak (rs=−0.11 and−0.15 during pregnancy and at 10 years, re-
spectively; p for both b0.001), however, themothers and children in the
lowest SES quintile had higher arsenic concentrations in bothwater and
urine (median 27 and 1.9 μg/L in water, and 89 and 54 μg/L in urine, re-
spectively), compared to those in the highest quintile (median 4.3 and
0.68 in water, and 57 and 41 in urine, respectively).4. Discussion
This population-based, longitudinal study of children's arsenic expo-
sure in rural Bangladesh, from early in utero to 10 years of age (2002–
2013), showed a clear decrease in drinking water arsenic concentra-
tions over time; from a median of 23 μg/L (range 0.02–882 μg/L) to
less than 2 μg/L (b0.01–672 μg/L). The installation of deeper tube
wells explained much of the lower arsenic concentrations. In spite of
the generally successful water arsenic mitigation activities, the
children's exposure to the highly toxic and carcinogenic arsenic con-
tinues to be elevated, indicating a substantial intake of arsenic through
food. Also, one third of the children had higherwater arsenic concentra-
tions at 10 years than prenatally, indicating installation of new wells
without testing for arsenic.
In parallel to the decrease in water arsenic, the concentrations
of manganese in the water increased, from 213 in 2002–2003 to
348 μg/L in 2012-2013 (median values). In particular, the medium
deep wells (50–100 m) contained quite high manganese concentra-
tions; half of them more than 1000 μg/L with a maximum of
3700 μg/L. The women and children using drinking water from those
wells had a daily intake of manganese well above the required 3 mg/
day for adults and 1.5 mg/day for children aged 7–10 years (EFSA,
2013). To note, rice collected from 66 of the studied families contained
1.5–23 mg/kg of manganese (dry weight; average 7 mg/kg) and people
in rural Bangladeshi villages typically eat rice three times a day,
amounting to on average 300–400 g (uncooked weight) per day
(Khan et al., 2009). Such high intakes may be of concern, as there is in-
creasing evidence, albeit conﬂicting, that excess manganese exposured children) and urinary arsenic concentrations (μg/L; R2= 0.38 and 0.52 for mothers and
Children at 10 years (n = 914)
-value B (95% CI) p-value
0.001 −129 (−144,−114) b0.001
0.001 −135 (−158,−111) b0.001
0.014 5.8 (−0.54, 12) 0.073
0.96 21 (3.5, 38) 0.018
0.001 10 (−8.8, 29) 0.29
0.13 −18 (−37, 0.18) 0.052
0.001 0.68 (0.63, 0.74) b0.001
0.001 −22 (−37,−7.6) 0.003
0.070 −12 (−33, 10) 0.30
0.67 2.3 (−3.1, 7.7) 0.40
0.45 −17 (−32,−2.6) 0.021
0.90 17 (0.47, 33) 0.044
0.38 −10 (−26, 5.4) 0.20
Fig. 3. Scatter plots with Lowess smoothing curve for water and urinary arsenic (W–As and U–As; left panel:W–As b10 μg/L; right panel:W–As ≥ 10 μg/L) from enrollment in gestational
(GW) week 8 until 10 years of age.
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Rodriguez-Barranco et al., 2013; Zoni and Lucchini, 2013)]. In the pres-
ent cohort, elevated water manganese concentrations were previously
associated with slightly shorter birth length (Rahman et al., 2015), but
appeared to protect against spontaneous abortion (Rahman et al.,
2013). Importantly, the wells deeper than 100 m appear to provide
the best water quality in terms of both low arsenic and low-moderate
manganese concentrations (Fig. 2). In addition, the use of deep wells
has been shown to provide better protection against childhood diarrhea
than the shallow once (Winston et al., 2013). The deep wells also
contained quite high concentrations of iron (median 2 mg/L, maximum
15 mg/L), which may be beneﬁcial for undernourished children and
mother, as shown in another rural area in Bangladesh (Merrill et al.,
2011). The daily requirement of iron is 8 mg for children of 10 years
(National Institutes of Health, 2015). On the other hand, the iron-rich
water may cause an unpleasant taste or odor as well as brown precipi-
tation in water stored before use. An advantage with such precipitation
is that arsenic may co-precipitate with it, resulting in lower exposurethan estimated from the concentration in the sampled water (acidiﬁed
directly after ﬂushing).
The decrease in the urinary arsenic concentrationswas by nomeans
asmarked as that in thewater; from amedian of 82 μg/L in themothers
in early pregnancy to 58 μg/L at 10 years of age, indicating remaining
sources of arsenic exposure. The intercept of the linear regression anal-
yses for water and urinary arsenic was about 60 μg/L at both 5 and
10 years of age, indicating a substantial intake of arsenic through food.
Rice, the main staple food in Bangladesh, is known to contain more in-
organic arsenic than most other foods (Carbonell-Barrachina et al.,
2012; Sohn, 2014), and there is a growing concernworldwide about po-
tentially associated health effects, especially of rice-based baby food
(Carbonell-Barrachina et al., 2012; Davis et al., 2012; Ljung et al.,
2011; Signes-Pastor et al., 2016). Rice takes up naturally occurring arse-
nic, as well as other metals such as cadmium, from the paddy soil
(Kippler et al., 2012). The use of irrigation water from arsenic-rich
wells may further increase the concentrations (Moreno-Jimenez et al.,
2014). In addition, arsenic can be added to the rice through the use of
124 M. Kippler et al. / Environment International 86 (2016) 119–125arsenic-contaminated cooking water (Smith et al., 2006). The mean ar-
senic concentration was 133 μg/kg dry weight (range 56–316 μg/kg) in
the 66 rice samples collected from the studied families, consistent with
other studies in Bangladesh (Khan et al., 2010; Rahman and Hasegawa,
2011) andmany other countries, including USA and Europe (Zhao et al.,
2013). Thus, it can be estimated that the presently studied children had
an average daily intake of 43–57 μg of arsenic through rice (range to
N100 μg, based on the measured concentrations) (Khan et al., 2009;
Khan et al., 2010). Assuming that all the food consumed resulted in
60 μg/L of arsenic in the children's urine (the intercept for urine vs.
water arsenic), on average, our assessment indicate that rice is by far
the most important dietary source of arsenic. This is supported by the
fact that vegetables, which constitute less than 10% of the diet in rural
Bangladesh (Khan et al., 2009), was found to contain less than 10% of
the arsenic concentrations in rice in the study area (Khan et al., 2010).
Fish, which also may be consumed quite regularly (Khan et al., 2009),
contain mostly organic forms of arsenic (Vahter, 2002), which were
not included in the present analyses of urinary arsenic metabolites.
Meet and chicken are consumed even more seldom and these usually
do not contain much inorganic arsenic (EFSA, 2014).
Considering the fact that one third of the people on earth eat rice on
a daily basis (Sohn, 2014), and that infants often start eating solid food
in the form of rice-based products and have a less varied diet compared
to adults, it is indeed an urgent task to ﬁnd strategies to lower the arse-
nic exposure asmuch as possible. Recently, themethod to cook rice in a
manner that decreases the arsenic content has been reﬁned (Carey et al.,
2015). However, cooking in excess water may also remove a high frac-
tion of nutrients, such as vitamin A (Wieringa et al., 2014). Unfortunate-
ly, cadmium is not removed by cooking the rice with excess water
(Khan et al., 2010).
The persistent arsenic exposure over gestation and early childhood
is problematic, given the increasing evidence of severe adverse health
effects of arsenic in young children (Ahmed et al., 2012; Gardner et al.,
2013; Hamadani et al., 2011; Rahman et al., 2007; Rahman et al.,
2011; Saha et al., 2012). Arsenic easily passes the placenta (Concha
et al., 1998), and maternal exposure may impact the highly sensitive
embryonic development and fetal programming (Broberg et al., 2014).
While breastfeeding protects against arsenic exposure, the infants are
exposed again through water and food after weaning (Fangstrom
et al., 2009). In addition to the adverse effects on child health and devel-
opment, the risk of cancer development after long-term arsenic expo-
sure is in the order of 0.3–0.9% at the WHO guideline level of 10 μg/L
in drinking water (assuming intake of 1–3 L/day) (NRC, 2001). Indeed,
an arsenic-related increased risk of adult mortality, due to both cancer
and infectious diseases, has already been indicated in the study area
(Sohel et al., 2009). Importantly, both experimental and epidemiologi-
cal studies indicate that arsenic exposure very early in life increases
the risk of cancer and other chronic diseases later in life (Boekelheide
et al., 2012; Smith et al., 2012; Steinmaus et al., 2014; Tokar et al.,
2011). To note, besides arsenic, the children are exposed to several
other documented developmental toxicants, e.g. cadmium, rice being
the main source (Kippler et al., 2012), lead (Bergkvist et al., 2010),
and pesticides like DDT (Bergkvist et al., 2012).
In view of the obvious health risks of early-life arsenic exposure, it is
also of great concern that the improvement of thewater arsenic concen-
trations appeared to slow downmarkedly in recent years. Themain de-
crease in water arsenic concentrations occurred during the ﬁrst years
after the initial screening of the water concentrations; 58% of the wells
used by the pregnant women in 2002–2003 had arsenic concentrations
exceeding the national standard of 50 μg/L, compared with only 28% in
2008. However, in 2013, when the children were about 10 years, still
27% of the wells exceeded the national standard. It is essential to eluci-
date whether the mitigation efforts and/or efﬁciency, e.g. the installa-
tion of deep tube-wells, have decreased in recent years, or if the
incentive of people to spend time and energy to collect water from the
often far away public deep wells has decreased (Winston et al., 2013).Obviously, the mitigation efforts need to be improved. Because a deep
well appeared to be no guarantee for low water arsenic concentrations,
it remains essential to measure the concentrations of arsenic in all new
wells.
5. Conclusions
In conclusion, our ﬁndings showed that the intensive mitigation
efforts have lowered the water arsenic concentrations considerably
for many of the studied families, but increased the manganese concen-
trations. Although excess manganese exposure is less hazardous than
excess arsenic exposure, installation of deep wells with low concentra-
tions of both elements and lower risk of microbial contamination is
recommended. Rice appears to be an additional signiﬁcant contributor
to children's environmental exposure to arsenic in most countries.
Thus, it is imperative that additional mitigation strategies are put
into place and extensively evaluated for long-term efﬁcacy. Our study
demonstrates the necessity to evaluate the exposure by biomarkers,
reﬂecting the exposure from all sources, not only the drinking water.
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